The structural instabilities of base flow in hypersonic wake flow over sphere are investigated by numerical simulation in this paper. Numerical simulation method is second-order accuracy NND scheme in spatial direction and Second-order Runge-Kutta scheme in temporal direction. Wakes flow of sphere at M ∞ =2, Re=1.71E+6(based on the sphere radius) and at M ∞ =6, Re=1.71E+6 are simulated. Stable solutions are obtained and there are a primary separation and a secondary separation zone in flow over sphere at M ∞ =2 and M ∞ =6. Later, without any arbitrary disturbance imposed, the structural instability still occurs after a certain critical time. The evolving process of the structure of flow over sphere is a periodic behavior in the forepart, but it evolves into a non-periodic behavior after a critical time at M ∞ =2. In the period time, the topological structures of the flow field over sphere and their evolving process at M ∞ =6 are similar to that of M ∞ =2, but there is non-periodic behavior observed at M ∞ =6 in spite of long calculation time. In the case of sphere, the results by global stability theory, numerical results and results of power spectrum are compared each other. The global stability analysis method can give a good prediction result. This study result indicates that the present numerical simulation method and global stability analysis method can be used for the study of the stability of base flow and confirms that hypersonic flow at the base is also instability.
Introductions
There are few researches of the hypersonic wakes in literature. Its main reason is there are many hard difficulties not only in experiment but also in numerical simulation on hypersonic flow. In wind tunnel experiment, the main problem is that the bolster at the bottom of the model has great interference on the base flow and results a great deformation from the accurate result. In numerical simulation, people always insist stable calculation, as a result, it is helpless to simulate the instable characteristic of wake in hypersonic flow. Is there wake instability in hypersonic flow? Whether the numerical simulation can catch the unsteady characteristic of wake flow or not? These questions are addressed in this paper.
The dynamics of wake has played a significant role in the design of aircraft because of its effects on performance, stability, control, and structural design loads. Wake researches have lasted for over half of a century, for example, the most initial and classical phenomenon-Von Karman vortex street.
The flow over a cylinder is a typical problem in fluid dynamics and often used to study the separated flow, vortex, vortex shedding, et al. Its main experiment facility is water or wind tunnel. In 1954, A.Roshoko [1] firstly found that there are three different wake states correspond to Re number in flow over a cylinder. In 1959, S.Taneda [2] observed the evolving process of the wake by using flow visualization. He found that the primary vortex street is damped continually as the streamwise distance increasing, and then the large vortex turns into secondary vortex if the distance increases further, moreover, the frequency of the secondary vortex is lower than that of the primary vortex street. He also documented that the formation of secondary vortex street could be attributed to the wake instability. In 1988, J.M.Climbala, H.M.Nagib [3] , et al. measured the structure of the far field of the flow over a cylinder using hot-wire, and they stated that the secondary vortex street is independent on the scale or frequency of the primary vortex street. And they also drew a conclusion that the dynamic instability resulted in the formation of the secondary vortex street. In 1993, C.H.K. Willzamson [4] investigated the effects of perturbation on the secondary vortex street. Their results showed that the wake of far field is sensitive to the inflow perturbulence, and its length scale and frequency is related to the near field wake through the inlet perturbulence, it also indicated that the main reason of the formation of the secondary vortex street is the dynamic instability of far-field wake.
With the development of computer technology, numerical simulation has also made a great progress. In 1985, Ta.Phuocloc and R.Bouard [5] carried out a simulation of secondary vortex structure of the primary flow in flow over a cylinder. Their results approximated to the test data. In 2000, M.Breue [6] performed a numerical simulation of a flow over a cylinder using LES, where flow Re number equaled 140,000.
In 1956, S.Taneda [7] investigated the wake instability of the flow over a sphere by experiment. Later, R.H.Magavery and R.L.Bishop [8] analyzed the three-dimensional separation based on experimental data in 1961. In 1995, H.Sakamoto [9] made detailed measurements on the formation mechanism of vortex series and the frequency of vortex shedding in flow over a sphere. All these experimental efforts indicated that the wake instability exists in flow over a sphere, too. In 1990's, some numerical studies on incompressible wake flow over a sphere were carried out, and the results were consistent with the test data.
Wake instability also exists in the flow over a cone. In experiments, H.J.Allen and E.W.Perkins [10] analyzed the flow pattern of leeward field of flow over a cone for the first time. They found that an unsteady movement occurred in the leeward when the angle of attack was greater than a critical value. Later, M.Fiechter [11] did a lot of work on this issue and demonstrated H.J.Allen's conclusion through flow visualization. In addition, J.N.Nielsen, L.E.Ericsson, G.T.Chapman and others had also analyzed this problem in detail and gave some reviews about it. If the cross flow Mach number is less than 0.5, the flow phenomenon of slender at a certain angle of attack is consistent with that of incompressible flow in the speed range from low speed to transonic speed, then to low supersonic speed.
Study on stability of hypersonic wake flow is quite few, mainly by experiment. Jr, W.C.Lyons [12] and others carried an experiment on stability and wake character of hypersonic flow over a sphere and cone in 1964.They obtained transition Reynolds number of wake flow over a cone and wake character under the condition of laminar flow and turbulence by a shadowgraph. In 1972, M.L.Finson [13] carried an experiment on hypersonic wake at high Reynolds number by a shadowgraph and obtained character of wake flow over a cone under the condition of laminar flow and turbulence. In 2004, Masatomi.Nishio [14] and others studied the wake stabilization time of hypersonic capsule by experiment, obtaining wake structure and wake stabilization time by electrical discharge method. In 2006, Danehy [15] , Wilkes and others made an experiment on wake flow field of a fuselage-only X-33 lifting body, flow over a flat plate containing a rectangular cavity, flow over a 70 blunted cone with a cylindrical after body, wake of Apollo-geometry entry capsule in a Mach 10 wind tunnel by PLIF, obtaining a clear image of wake structure, but all these results were obtained through statistical average, lack of understanding for unsteady process.
Governing Equations and Numerical Methods

Governing Equations
The governing equation of flow is three-dimensional unsteady compressible Navier-Stokes equation:
Where Q is the solution vector, the column vector E i is convection flux and column vector E vi are diffusion flux vectors. They are given by 
Where e, u, ρ, H, p are total energy, velocity, density, enthalpy and pressure, respectively. τ ij is stress tensor and q i is heat flux. The formulations for these variables are displayed below:
Finite Difference Scheme
In order to resolve the structural instability of the wake flow, high temporal and spatial order accuracy numerical method is required to solve the Equation (3). In spatial direction, the NND [16] finite difference scheme is used which is TVD scheme. The second-order accuracy Runge-Kutta method with TVD property is used in temporal direction.
For separate flow, number of grid in the azimuthally directions has a big affection on instability and asymmetric structure. Only when there are enough grids, can we get a correct result in separation zone.
In the case of sphere numerical simulation, three different numbers of grid points are calculated. One is called coarse grid, which has 61×37×51 points in the streamwise, azimuthally and normal directions. Another is called fine grid, 61×73×51 points in three directions and refine grid, which has 61×91×51 points in three directions, which is refined in azimuthally direction. The goal of these three numerical experiments is to address grid independence.
In the present calculations, when using the coarse grid, the vortex structures in transverse plane are combined of one pair of primary vortex and one pair of second vortex all along in sphere. The solutions are stable and axisymetric and no unsteady phenomenon is obtained. While using the fine grid and refine grid, the unsteady structure appears as time increasing. This indicates that the fine grid and refine grid has the ability to capture the detail information of the small scale, while the coarse grid omits the transverse unstable structure due to its strong dissipation. Under the two conditions of the fine grid and refine grid, the flow structures of stable state, the periods of periodic behavior and the instable characters are agreement.
For normal directions gird, in the case of sphere numerical simulation, two different numbers of grid points are calculated. One is called coarse grid, which has 61×73×51 points in the streamwise, azimuthally and normal directions. Another is called fine grid, 61×73×81 points in three directions. Under the two conditions of the fine grid and refine grid, the flow structures of stable state, the periods of periodic behavior and the instable characters are agreement.
For streamwise gird, in the case of sphere numerical simulation, two different numbers of grid points are calculated. One is called coarse grid, which has 61×73×51 points in the streamwise, azimuthally and normal directions. Another is called fine grid, 91×73×51 points in three directions. Under the two conditions of the fine grid and refine grid, the flow structures of stable state, the periods of periodic behavior and the instable characters are agreement. Fig.1 gives the variability of the pressure of the sphere leeward selected point with time under 2 Mach using different grids, in which the solid shows the result using fine grid, the dashed shows the result using refine grid and the dash dot shows the result using coarse grid. Therefore, all results below are obtained by using fine grid. Fig.2 is the sketch of fine grid for sphere. 
Boundary and Initial Conditions
The boundary conditions include inflow, outflow, wall boundary and side conditions. The inflow condition is set as free flow qualities for the flow is supersonic. And on the outflow the extrapolation method is used to determine the variables. On the wall, velocity is non-slip and the temperature is isothermal. The wall temperature is Furthermore, the calculation is ill-posed due to the singular axis in sphere. So in the present calculations, the singular axis is regarded as an inner boundary, where the flow parameters are evaluated by averaging the corresponding value in the azimuthally direction.
Results and Discussion
Flow over a Sphere at M ∞ =2
The first calculated case is about a flow over sphere at Mach number M ∞ equals to 2. The Reynolds number Re is 1.71E+6 based on the inflow velocity and the sphere's radius. The inflow temperature T ∞ is 90.2K and the wall temperature T w is 280.0K, respectively. In the present simulation, the time step Δt is 0.0004 while the Courant Number is set as 0.82.
The numerical results in our simulation indicate that there are three stages in the evolving process of this flow. The first stage seems steady as shown in Fig.3 , where the instantaneous streamlines of the symmetrical plane and the base limit streamlines near the wall at t=16 display a primary separation zone and a secondary separation zone. The flow is almost axisymmetric in space at this moment. Fig.3 Instantaneous streamlines in the symmetric plane of flow over sphere and base limit streamline near the wall at Ma=2
The flow evolves into the second stage as the structural instability occurs after t=28 but remain axisymmetric in space. This evolving process is shown in Fig.4 . Firstly, the flow is axisymmetric and there are obvious secondary separation zones near the wall as shown in Fig.4(a) . And from its side view, we can conclude that there must be a saddle point on the axis after the primary separation zone and there are semi-saddle points of sepaparation-type on the leeward surface. According to the Peixoto's theorem, the system structure is unstable along any orbit from one saddle point to another one. So the flow would turn unstable. This unstable tendency can be seen from Fig.4(b) , where the primary separation zone extends to the wall and axis while the secondary separation zone extends to outer. The topology of the streamline near the saddle point has deformation. In the further step, the saddle point structure has been evolved into a node structure as shown in Fig.4(c) . This phenomenon is more remarkable from Fig.4(d) to Fig.4(f) , where the unstable crunode structure evolves into SNS structure (Saddle-Node-Saddle point structure). Furthermore, the SNS structure can also turn back as saddle point structure as shown in Fig.4(g) and Fig.4(h) with the flow comes back into the topology shown in the Fig.4(a) . So there is a period of the above evolving process and its period is about 10.
It is known that the distance between any two saddle points could be altered when the disturbed velocity is parallel to the connection line of these two points (For example, when the disturbed velocity has the same direction with the heteroclitic orbit, the distance of the saddle points will be enlarged.). It is also known that the connection line between two saddle point would be torn when the disturbed velocity perpendicular to this line. From Fig.4 , it can be observed that the heteroclitic orbit and the distance between the semi-saddle point on the wall and the saddle point on the axis are changing continuously, and the saddle point on the axis experiences the process of saddle point to node, to SNS structure, and then to saddle point, but the semi-saddle point locate at the center all along. So we can draw a conclusion that there is only parallel disturbed velocity to the heteroclitic orbit during this evolving process.
The base limit streamlines show the structure of the flow over sphere from the bottom view. In Fig.4(a) , the secondary separation line and reattachment line have become petal-shaped and the streamlines near the leeward stagnation point are X-shaped. From Fig.4(a) to Fig.4(c) , it can be seen that the distance between the secondary separation line and reattachment line is enlarged increasingly. In addition, the secondary separation line has been changing from petal-shaped to square shape. The X-shaped streamlines near the leeward stagnation point tend to assemble at the stagnation point. From Fig.4(d) to Fig.4(g) , the situation is contrary. And a period is completed from Fig.4(a) to Fig.4(g) .
Fig .4 Evolving process of structure of flow over sphere from t=41.6 to t=51.6 at Ma=2
The third stage of the flow occurs at t=92 while the periodicity is disappeared and the flow turns into asymmetric as shown in Fig.5 . From its bottom view, it can be seen obviously that the saddle point on the axis has departed from the axis, which indicates that the magnitude of the vertical disturbed velocity has been arrived that of the parallel disturbed velocity. 
Flow over a Sphere at M ∞ =6
The second calculated case is about a flow over sphere at M ∞ =6. The Reynolds number Re is 1.71E+6. The inflow temperature T ∞ is 90.2K and the wall temperature T w is 280.0K, respectively. In this simulation, the time step Δt is 0.001 while the Courant Number is set as 0.76.
In this case, only two stages have been obtained in our simulation. The non-period behavior of the flow structure, which is the third stage at M ∞ =2, is not observed at M ∞ =6 in spite of long time calculation. The two stages at M ∞ =6 correspond to the first two stages of the case of M ∞ =2. That is to say, the first stage of the flow is quasi-steady and axisymmetric as shown in Fig.6 . And the second stage is a periodic evolving process of the unsteady structure as shown in Fig.7 . But at M ∞ =6 the structural instability occurs at t=60 and the period of the evolving process is 12. 
Global Stability Analysis
The global stability analysis method solve eigenvalue question is using CFD computation with Arnoldi method . Computational method of global stability is using Chiba [17] method. Evolving process of pressure of base over sphere at M ∞ =2 and M ∞ =6 as shown in Fig.8 . In Fig.8 
Conclusion
The structural instabilities of wake of both sphere are investigated by using numerical simulation. The investigation results indicate: 1). Structural instabilities occur in base flow exists in supersonic or hypersonic flow over a sphere.
2). Periods of the structure evolving process are obtained in the present three calculated cases. At the same time, the non-period behavior has observed in the flow over sphere at M ∞ =2, but it didn't occur in the flow over sphere at M ∞ =6 despite a long calculation time.
3). Topological structures of the flow field over a sphere and their evolving process are similar between M ∞ =2 and M ∞ =6. 4). According to structural stability, connection orbit between semi-saddle point on the surface and saddle on their axis is heteroclite. 5). The global stability theory is firstly used to analyse the supersonic and hypersonic wake flow. In the case of sphere, this analysis method can give a good prediction result for single period.
